Acceleration Cycles for the LHC Proton Beam in the SPS by Arduini, Gianluigi et al.
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN – AB DEPARTMENT
AB-Note-2006-018 RF
Acceleration cycles for the LHC
proton beam in the SPS
G. Arduini, E. Shaposhnikova, J. Wenninger
Abstract
A magnetic cycle for the SPS, having a shorter acceleration time than that used at present
for the nominal LHC beam cycle, has been designed. This cycle consists of 7 different parts,
all described by parabolas, satisfying different criteria coming from the voltage and power
limitations in the main dipoles and 200 MHz RF system, as well as from beam dynamics
considerations. We plan to test this cyle in 2006 first with the LHC pilot beam, for which
the cycle length will be 33% less than the present 10.8 s long cycle. With LHC in operation,
this should increase the available flux of protons to other SPS users. Later the possibility
of using this cycle for higher intensity beam should also be verified experimentally. The




In the present nominal magnetic cycle for the LHC beam in the SPS the acceleration time is 7.5 s [1].
This time was chosen to leave the possibility for the SPS 200 MHz RF system with the given voltage
and power, to accelerate beam with a large longitudinal emittance blow-up (observed at that time on the
fixed target cycle) caused by the microwave instability. Another similar precaution to cope with a large
emittance was foreseen (but now staged) in the LHC by the installation of the 200 MHz capture RF
system. Below we explore the possibility of having faster acceleration for both pilot and high intensity
LHC beam. These cycles can be tested during the 2006 operation year in special MDs.
2 Main limitations
The acceleration time and the exact magnetic field variation with time during acceleration is defined by
many different factors. Below we analyze the most important.
The limitations which were taken into account to design the shorter magnetic cycle are the following:
  Slow (similar to the present nominal) initial ramp to provide good capture (adiabaticity) and tune
control.




  Maximum value of voltage in main dipoles 
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kV
  Maximum voltage in the 200 MHz RF system ﬁ
ﬂ
MV.
  Maximum available RF power in one cavity of the 200 MHz RF system (pulsed mode) is limited












m is the bending radius of the SPS dipoles.






with constant values of the resistance
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which could actually reduce the inductance at large fields [2], was taken into account). Here = is the
current in the main dipoles.
The measured relations between ﬃ and current
=





dipoles are shown in Fig. 1 (top and middle). Taking into account these calibration curves and the
relation (1), the maximum derivative  F 




















as a function of the moment

is shown in Fig. 1 (bottom). This limitation is
used below for the design of the magnetic cycle.
To satisfy the different constraints applicable at different times during acceleration the cycles below
are constructed from 7 different parts connected to each other by conditions of continuity both for the
momentum and its first derivative. These different parts are described by parabolas. The following

























































are constants. They have been calculated for different cycles
from other pre-defined parameters shown in Table 1 and are presented in Appendix in Tables 2, 3. In













3 Parameters of fast cycles
The pre-defined parameters as used in a Mathematica Notebook for the design of a magnetic cycle which
satisfies the requirements listed above (cycle I), are shown in Table 1. Also shown are the resulting
acceleration time
	
  and maximum voltages  and ﬁ required in the power supplies of the main







and the voltage in main dipoles 
H
	UL




as a function of

can be compared with the maximum allowed value found from
3, also shown in Fig. 1 (bottom) as a dotted line. The corresponding 200 MHz RF voltage programme
found for a 0.5 eVs emittance with the momentum filling factor of 0.95 is presented in Fig. 3 (left)
together with power needed in this system for the acceleration of the LHC beam at nominal and low
(zero) intensities. The coefficients WT , YZT and +aT from Eq. 4 together with the time 	T for the start of each
parabola are shown in the Appendix in Table 2.
For comparison the voltage programme for the present nominal magnetic cycle, designed on the
same basis, is shown in Fig. 4 (left) together with the 200 MHz RF power required during the cycle for
acceleration of the nominal and zero beam current (right).
Faster cycles (as number II in Table 1) can be constructed only by violating some of the requirements
listed above. An acceleration time of 3.83 s can be obtained, for example, if the first half (below
200 GeV/c) is kept unchanged from the cycle (I), but the second half of the magnetic cycle is the same
as for the fixed target cycle with acceleration to 450 GeV/c. Note that in this case the voltage in the main










are shown in Fig. 5 together with the value of V 
	 as a function of  for comparison
with the maximum allowed value. The corresponding 200 MHz RF voltage programme calculated for
a 0.5 eVs emittance with the momentum filling factor of 0.95 is presented in Fig. 6 (left) together with
the power needed for nominal and zero intensities (right). The corresponding coefficients from Eq. 4
are shown in the Appendix in Table 3. As was already mentioned above, the initial part (first three
parabolas) are the same as in the cycle (I). The synchronous momentum   and its derivative U:	 at
the beginning of ramp can be compared for cycle (I), nominal LHC and fixed-target cycles in Fig. 7.
Acceleration of the pilot bunch which does not suffer from instabilities and does not need the con-
trolled longitudinal emittance blow-up could be done with a smaller longitudinal acceptance. In this
case the rate of acceleration can be increased in the initial part of the ramp, but then this cycle cannot be
used for higher intensities.
Note also that the relative increase in the stable phase due to the fast acceleration (up to an additional
10 deg at 200 MHz) in comparison with the present nominal cycle could be critical [3] for direct use
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I 0.4 30 1.2 2.5 1.1 164 305 402.5 84 447.8 36.5 4.299 6.8 25.2
II 0.4 30 1.2 2.5 1.1 164 328.8 401.6 102 443.3 91.4 3.827 6.8 32.5
Table 1: Fixed parameters used for design of two different magnetic cycles together with resulting
acceleration time
	
 and maximum voltage ﬁ  in the 200 MHz RF system and  in the main dipoles
of the SPS.
4 Summary
We propose to test the cycle (I) in MDs in 2006 starting first with the pilot beam. The studies at the
beginning of the ramp can be done on the p2 cycle. A dedicated MD is planned for the week 31 (2-3
August). Assuming a flat top of 600 ms and a ramp down time of 2.3 s, the total cycle length will be
7.2 s, 30% less than the present 10.8 s long cycle. This should increase the flux of protons available
for other SPS users (CNGS or COMPASS). Later the possibility of using this cycle for higher intensity
beam should also be verified experimentally. The expected reduction of the LHC filling time in filling
mode is 15%.
We are grateful to A. Beuret, T. Bohl, T. Linnecar, and R. Lauckner for useful discussions of different
issues.
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1 26.0 0.0 25.0 0.4 30.0 20.0
2 30.0 20.0 62.5 1.2 86.0 120.0
3 86.0 120.0 27.5 2.0 199.6 164.0
4 199.6 164.0 0.0 2.649 306.0 164.0
5 306.0 164.0 -51.399 3.427 402.5 84.0
6 402.5 84.0 -31.588 4.179 447.8 36.5
7 450.0 0.0 -151.392 4.299 450.0 0.0
Table 2: Coefficients W:T , YZT , +aT and 	[T from Eq. 4 used for the design of the magnetic cycle (I) from
Table 1.
n




































1 26.0 0.0 25.0 0.4 30.0 20.0
2 30.0 20.0 62.5 1.2 86.0 120.0
3 86.0 120.0 27.5 2.0 199.6 164.0
4 199.6 164.0 0.0 2.788 328.8 164.0
5 328.8 164.0 -39.560 3.293 401.6 124.0
6 401.6 124.0 -42.099 3.681 443.3 91.4









from Eq. 4 used for the design of the magnetic cycle (II) from
Table 1.
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Figure 1: The current
= (top) and derivative  ﬃ := (middle) in power supplies of the main dipoles as





	 defined by Eq. 3 as a function of the synchronous momentum during the cycle for the LHC
beam acceleration (bottom).
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Figure 2: The SPS cycle number (I) from Table 1. The synchronous momentum (top left) and its
derivative (top right), together with corresponding voltage in the main dipoles and its limiting value of
24.6 kV (middle). Bottom: the derivative of the synchronous momentum as a function of momentum



























0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (s)
P (MW) for Ib=0
P (MW) for Ib=1.4 A
Figure 3: The SPS cycle number (I) from Table 1. Left: voltage and synchronous phase for the pro-
gramme found for the longitudinal emittance of 0.5 eVs with a momentum filling factor   D
9 .
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Figure 4: The nominal SPS cycle. Voltage and synchronous phase for the programme found for the
longitudinal emittance of 0.5 eVs with a momentum filling factor   D	:9 . Corresponding power per
cavity (made of 4 and 5 sections) needed for nominal and zero beam intensities.
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Figure 5: The SPS cycle number (II) from Table 1. The synchronous momentum (top left) and its
derivative (top right), together with corresponding voltage in the main dipoles and its limiting value
of 24.6 kV (bottom left). Bottom right: the derivative of the synchronous momentum as a function of
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Figure 6: The SPS cycle number (II) from Table 1. Left: voltage and synchronous phase for the pro-
gramme found for the longitudinal emittance of 0.5 eVs with a momentum filling factor   D
9 .





































Figure 7: The synchronous momentum
V (left) and its derivative  U:	 (right) at the beginning of the
ramp for different magnetic cycles: proposed cycle (I) - solid line, nominal LHC cycle (dashed line) and
fixed-target cycle (dot-dashed line).
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